Humans are exposed daily to di(2-ethylhexyl) phthalate (DEHP), a plasticizer found in many consumer, medical, and building products containing polyvinyl chloride. Large doses of DEHP disrupt normal ovarian function; however, the effects of DEHP at environmentally relevant levels, the effects of DEHP on folliculogenesis, and the mechanisms by which DEHP disrupts ovarian function are unclear. The present study tested the hypothesis that relatively low levels of DEHP disrupt estrous cyclicity as well as accelerate primordial follicle recruitment by dysregulating phosphatidylinositol 3-kinase (PI3K) signaling. Adult CD-1 mice were orally dosed with DEHP (20 lg/kg/day-750 mg/kg/day) daily for 10 and 30 days. Following dosing, the effects on estrous cyclicity were examined, and follicle numbers were histologically quantified. Further, the ovarian mRNA and protein levels of PI3K signaling factors that are associated with early folliculogenesis were quantified. The data indicate that 10-and 30-day exposure to DEHP prolonged the duration of estrus and accelerated primordial follicle recruitment. Specifically, DEHP exposure decreased the percentage of primordial follicles and increased the percentage of primary follicles counted following 10-day exposure and increased the percentage of primary follicles counted following 30-day exposure. DEHP exposure, at doses that accelerate folliculogenesis, increased the levels of 3-phosphoinositide-dependent protein kinase-1, mammalian target of rapamycin complex 1, and protein kinase B and decreased the levels of phosphatase and tensin homolog, potentially driving PI3K signaling. Collectively, relatively low levels of DEHP disrupt estrous cyclicity and accelerate primordial follicle recruitment potentially via a mechanism involving dysregulation of PI3K signaling. di(2-ethylhexyl) phthalate, endocrine disruptors, environmental contaminants and toxicants, follicular development, folliculogenesis, ovary, phosphatidylinositol 3-kinase signaling pathway, toxicology
INTRODUCTION
Phthalate esters are synthetic plasticizers added to plastics to impart flexibility. The most widely used phthalate ester is di(2-ethylhexyl) phthalate (DEHP), which is used in the manufacturing of common consumer, medical, and building products containing polyvinyl chloride. Products that contain DEHP include flooring, roofing, carpeting, food and beverage packaging, automobile upholstery, shower curtains, packaging equipment, medical bags and tubing, and personal care products. Although production volumes of DEHP alone are not quantified, DEHP belongs to a group of phthalates known as dioctyl phthalates. Domestic production of these phthalates reaches up to 300 million pounds per year [1] . DEHP is noncovalently bound to plastics, and therefore leaching can occur after repeated use, heating, and/or cleaning of the products, allowing the toxicant to be ingested on a daily basis via oral ingestion, inhalation, and dermal contact [2] . In fact, the Agency for Toxic Substances and Disease Registry estimates that the range of daily human exposure to DEHP is 3-30 lg/kg/day, but measurements of DEHP in household dust can reach as high as 700 mg/kg [1, 3] .
Exposure to DEHP represents a public health concern, partially because it has been identified as a top contaminant present in human tissues. DEHP and its metabolites are present in over 95% of human blood samples and nearly 100% of human urine samples tested [2] [3] [4] [5] [6] . Especially in terms of reproduction, DEHP and its metabolites are present in 90%-100% of amniotic fluid samples from second-trimester fetuses, cord blood samples from newborns, breast milk from nursing mothers, and even human ovarian follicular fluid, indicating its ability to reach the ovary [2, 4, 5, 7] .
Continuous, daily exposure to DEHP, along with its prevalence in human tissues, is of major concern because DEHP has been designated as an endocrine-disrupting chemical and reproductive toxicant for its ability to interfere with reproductive and hormone-regulated processes [8] [9] [10] . In males, DEHP exhibits antiandrogenic effects by inducing tubular atrophy and testicular degeneration and by inhibiting testicular steroidogenesis [11, 12] . To date, the majority of studies examining the effects of DEHP focus on male reproduction and development; however, in females, chronic occupational exposure to phthalates has been associated with decreased rates of pregnancy and high rates of miscarriage [2] . In laboratory animals, DEHP reduces implantations, increases resorptions, and decreases fetal weights of offspring [9, 13] . Surprisingly, much less is known about the effects of DEHP on the adult ovary, but recent work suggests that the ovary may be a target of DEHP toxicity. Specifically, DEHP exposure has been shown to decrease serum and antral follicle-produced 17b-estradiol levels, decrease aromatase levels, cause anovulation, and disrupt estrous cyclicity [14] [15] [16] [17] [18] [19] . Some of the doses of DEHP used in these previous studies, however, are not environmentally relevant; thus, the effects of DEHP at environmentally relevant levels on ovarian function remain unclear. Further, the mechanisms by which DEHP disrupts ovarian function remain unclear; however, DEHP is hypothesized to cause toxicity independent of steroid receptor signaling, as both DEHP and its metabolite, mono(2-ethylhexyl) phthalate (MEHP), have weak to no binding to the androgen and estrogen receptor [20] [21] [22] [23] [24] [25] .
Understanding the effects of DEHP on ovarian function is vital because the ovary is an integral regulator of reproductive and nonreproductive health, and one of the most essential ovarian processes is folliculogenesis. The ovary is a heterogeneous endocrine organ containing ovarian follicles, which are the functional units of the ovary. In mammals, the female is born with a finite number of ovarian follicles; thus, the follicular reserve is set at birth and represents a female's reproductive potential and reproductive life span [26] . Within the ovarian unit, follicles undergo several irreversible developmental transitions, starting from the primordial stage, in which the follicles are immature, dormant, and constitute the ovarian reserve, to the antral stage, in which the follicles are mature and capable of ovulation [26, 27] . This process of follicular development is known as ovarian folliculogenesis. Because the ovarian reserve is established at birth and folliculogenesis is an irreversible process, aberrant regulation of folliculogenesis can have adverse reproductive implications. In particular, the accelerated depletion of primordial follicles, through either apoptosis or irregular activation of development, can result in infertility and/or premature ovarian failure or early onset of menopause. Although DEHP has been shown to disrupt normal ovarian function, its effects on folliculogenesis remain unclear.
Because ovarian folliculogenesis is essential for reproductive and nonreproductive health and increasing evidence indicates that the ovary is a potential target of DEHP toxicity, the present study was designed to investigate the effects of in vivo DEHP exposure on normal ovarian function as well as the role and mechanisms by which DEHP disrupts folliculogenesis. Specifically, the present study was designed to test the hypothesis that relatively low levels of DEHP disrupt folliculogenesis by dysregulating the phosphatidylinositol 3-kinase (PI3K) signaling pathway, potentially leading to the acceleration of primordial follicle recruitment. We decided to investigate the effects of DEHP on the PI3K signaling pathway because PI3K signaling has recently been shown to be a critical regulator of early folliculogenesis, specifically in primordial follicle survival, quiescence, and recruitment [28] [29] [30] [31] [32] [33] . In further detail, increased PI3K signaling is associated with the promotion of primordial follicle recruitment. To test our hypothesis, we orally dosed adult mice with DEHP daily for 10 and 30 days. Following dosing, we investigated reproductive end points and histologically examined the effect of DEHP on follicular dynamics. To provide insight into the mechanism of DEHP-induced defects in folliculogenesis, we measured the levels of key PI3K signaling factors that are associated with early folliculogenesis. Specifically, we examined the effects of DEHP on 3-phosphoinositide-dependent protein kinase-1 (PDPK1), mammalian target of rapamycin complex 1 (mTORC1), mast/stem cell growth factor receptor (KIT), protein kinase B (AKT), and ribosomal protein s6 (rpS6), all of which are factors that drive PI3K signaling. Additionally, we examined the effects of DEHP on forkhead box O3A (FOXO3A), phosphatase and tensin homolog (PTEN), and tuberous sclerosis 1 (TSC1), which negatively regulate PI3K signaling.
MATERIALS AND METHODS

Chemicals
DEHP (99% purity) was purchased from Sigma-Aldrich (St. Louis, MO). Five stock solutions of DEHP were prepared using tocopherol-stripped corn oil (MP Biomedicals, Solon, OH) as the vehicle. The doses used for these experiments were 20 lg/kg/day, 200 lg/kg/day, 20 mg/kg/day, 200 mg/kg/day, and 750 mg/kg/day. To achieve these doses, the stock concentrations were 0.0125, 0.125, 12.5, 125, and 468.8 mg/ml for each respective dose.
The doses were chosen because they are much more environmentally relevant than doses used in previous DEHP ovotoxicity studies (2 g/kg/day) [15, 17, 34] . In particular, the Agency for Toxic Substances and Disease Registry estimates that the range of daily human exposure to DEHP is 3-30 lg/ kg/day [1] . Additionally, they note that the no-observed-adverse-effect level for DEHP is 5.8 mg/kg/day and that the lowest-observed-adverse-effect level is 140 mg/kg/day; however, potential reproductive effects of DEHP occur at lower levels ranging from 1 to 30 lg/kg/day [1, 2] . Further, the Environmental Protection Agency (EPA) reference dose for DEHP is 20 lg/kg/day, but it is possible that certain populations can be exposed to much higher levels than this EPA reference dose [3] .
Animals
Cycling, adult CD-1 female mice at 39 days of age were obtained from Charles River Laboratories (Wilmington, MA) and were allowed to acclimate to the facility prior to dosing. The mice were housed at the University of Illinois at Urbana-Champaign, Veterinary Medicine Animal Facility. The mice were provided food and water ad libitum. Housing in a controlled animal room environment was established by the maintenance of temperature at 22 6 18C and 12L:12D cycles. The Institutional Animal Use and Care Committee at the University of Illinois at Urbana-Champaign approved all procedures involving animal care, euthanasia, and tissue collection.
In Vivo Dosing Regimen
The mice were orally dosed with vehicle or DEHP daily for 10 and 30 days. For the 10-day dosing study, the mice received vehicle or DEHP at 20 lg/kg/ day, 200 lg/kg/day, 20 mg/kg/day, 200 mg/kg/day, and 750 mg/kg/day (n ¼ 8/ group). For the 30-day dosing study, the mice received vehicle or DEHP at 20 lg/kg/day, 200 lg/kg/day, 20 mg/kg/day, and 200 mg/kg/day (n ¼ 8/group). Dosing volumes were determined daily by corresponding mouse weight, and the dose was given orally by inserting a pipette tip beyond the incisors toward the cheek pouch. Estrous cyclicity was monitored daily, and the mice were euthanized in estrus following the 10-and 30-day dosing period.
Body and Organ Weight Analysis
The mice were weighed daily to both calculate a dosing volume and monitor the effect of DEHP on body weight. Following 10 and 30 days of dosing, the mice were weighed and euthanized in estrus (n ¼ 8/group). Organs were aseptically removed, cleaned of interstitial tissue, and weighed. Percent body weight change was calculated by dividing the weight at the time of euthanasia by the weight at the start of dosing and multiplying that value by 100. Organ weights were recorded as whole organ weights or relative organ weights. Relative organ weights were calculated by dividing the weight of the organ by the body weight at the time of euthanasia and multiplying that value by 100.
Estrous Cyclicity Analysis
During dosing, the mice were subjected to daily vaginal smears to monitor estrous cyclicity (n ¼ 8/group). Stage of estrus was determined by vaginal cytology using a light microscope and was recorded based on previously defined and well-documented criteria [35] [36] [37] . Percentage of days in estrus was calculated by dividing the number of days in estrus by the number of days in the study and multiplying that value by 100. Percentage of days in metestrus/ diestrus was calculated by dividing the number of days in either metestrus or diestrus by the number of days in the study and multiplying that value by 100.
Histological Evaluation of Follicle Numbers
Following dosing, mice were euthanized in estrus, and some ovaries were aseptically collected and fixed in Dietrich fixative for at least 24 h for histological evaluation of follicle numbers (n ¼ 3-8 ovaries/group). The ovaries were then transferred to 70% ethanol, embedded in paraffin wax, and serial sectioned (8 lM) using a microtome. The serial sections were mounted on a glass slide and stained with hematoxylin and eosin. The numbers of oocyte containing follicles were counted in every 10th serial section using a light microscope, and the percentage of each follicle type was calculated by dividing the number of follicles of each specific type by the total number of follicles counted in every 10th serial section and multiplying that value by 100. Stage of HANNON ET AL. follicular development was assessed using previously defined criteria [38, 39] . Briefly, primordial follicles contained the oocyte surrounded by a single layer of squamous granulosa cells, primary follicles contained the oocyte surrounded by a single layer of cuboidal granulosa cells, preantral follicles contained the oocyte surrounded by at least two layers of cuboidal granulosa cells and theca cell layers, and antral follicles contained the oocyte surrounded by multiple layers of cuboidal granulosa cells with a fluid-filled antral space and theca cell layers. All primordial and primary follicles with oocytes, regardless of nuclear material in the oocytes, were counted, whereas only preantral and antral follicles with visible nuclear material in the oocyte were counted to avoid the risk of double counting follicles large enough to span serial sections.
Gene Expression Analysis
Following dosing, mice were sacrificed in estrus, and some ovaries were aseptically collected, snap frozen in liquid nitrogen, and stored at À808C for quantitative real-time polymerase chain reaction (qPCR) analysis (n ¼ 3-5 ovaries/group). Total RNA was extracted from the ovaries using the RNeasy Mini Kit (Qiagen, Inc., Valencia, CA) according to the manufacturer's protocol. Total RNA (1000 ng) was then reverse transcribed to cDNA using the iScript RT kit (Bio-Rad Laboratories, Inc., Hercules, CA) according to the manufacturer's protocol. Each cDNA sample was diluted 1:4 with nuclease-free water prior to analysis. Analysis of qPCR was conducted using the CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories) and accompanying CFX Manager Software according to the manufacturer's protocol. The machine quantifies the amount of PCR product generated by measuring SsoFastEvaGreen dye (Bio-Rad Laboratories) that fluoresces when bound to doublestranded DNA. A standard curve was generated from six serial dilutions of three samples spanning different treatment groups to calculate the amplification efficiencies of each primer. Specific qPCR primers (Integrated DNA Technologies, Inc., Coralville, IA) for the genes of interest as well as the reference gene, beta-actin (Actb), which did not differ across treatment groups, can be found in Table 1 . All qPCR reactions were done in triplicate using 2 ll cDNA, forward and reverse primers (5 pmol) for Mtorc1, Pdpk1, Pten, Kit, Rps6, Tsc1, Foxl2, or Actb, in addition to a SsoFastEvaGreen Supermix qPCR kit for a final reaction volume of 10 ll. The qPCR program consisted of an enzyme activation step (958C for 1 min), an amplification and quantification program (40 cycles of 958C for 10 sec, 608C for 10 sec, single fluorescence reading), a step of 728C for 5 min, a melt curve (658C-958C heating, 0.58C/sec with continuous fluorescence readings), and a final step at 728C for 5 min as per the manufacturer's protocol. Expression data were generated using the mathematical model for relative quantification of real-time PCR data developed by Pfaffl [40] . The genes tested were chosen because they are associated with the regulation of early folliculogenesis, in particular, primordial follicle recruitment [28, 29, 31, [41] [42] [43] . Additionally, each gene tested, except Foxl2, is involved in PI3K signaling [28] [29] [30] [31] [32] [33] 44] .
Immunohistochemistry
Following 10 days of dosing, mice were sacrificed in estrus, and some ovaries were aseptically collected, fixed in 4% paraformaldehyde overnight, and transferred to 70% ethanol for immunohistochemical analysis (n ¼ 3/ group). The ovaries were then embedded in paraffin wax and serial sectioned (5 lM), and five representative sections that span the entire length of the ovary were mounted on a glass slide. Following deparaffinization, the tissues were subjected to heat-induced antigen retrieval (10 mM sodium citrate buffer at pH 6.0) for 60 min followed by endogenous peroxide quenching in 3% hydrogen peroxide for 20 min. The tissues were then blocked in 5% goat serum and avidin for 30 min. In some experiments, the tissues were incubated with a rabbit anti-mouse phosphorylated-AKT (Ser473; the active form of the protein) antibody (1:50; Cell Signaling Technology, Inc., Boston, MA) with biotin for 60 min, while in other experiments, the tissues were incubated with a rabbit anti-mouse PTEN antibody (1:200; Cell Signaling Technology) with biotin for 60 min. The tissues were then incubated with a secondary biotinylated goat anti-rabbit antibody (Vector Laboratories, Inc., Burlingame, CA) for 20 min, followed by an incubation with an avidin biotin complex solution (Vector Laboratories) for 20 min. ImmPACT NovaRED peroxidase substrate solution (Vector Laboratories) was then applied until color optimally developed. Each sample was exposed to the chromogen for equal amounts of time. The slides were then rinsed, counterstained with a 1:10 dilution of hematoxylin, and coverslipped. A negative control was used in each experiment and was subjected to the same methods listed above, except instead of primary antibody, the negative control tissues were incubated with a negative control rabbit immunoglobulin fraction (Dako, Carpinteria, CA) at the same concentration of each primary antibody. Negative controls were confirmed to have no positive staining after exposure to the chromogen for equal amounts of time as the samples. Both pAKT and PTEN were chosen because they are integral regulators of the PI3K signaling pathway and have been associated with the regulation of primordial follicle recruitment [31, [43] [44] [45] [46] . Specifically, pAKT drives PI3K signaling and ultimately promotes primordial follicle recruitment [31, [43] [44] [45] [46] . Additionally, PTEN inhibits PI3K signaling and ultimately maintains primordial follicle quiescence [31, [43] [44] [45] [46] .
Analysis of the Levels of Protein Staining
Following immunohistochemistry, the levels of pAKT and PTEN staining in the ovaries were quantified using published methods [47] [48] [49] . Briefly, images of whole ovaries and primordial and primary follicles were digitally captured using a Leica DFC 290 camera and analyzed using the ImageJ software (http://rsb.info.nih.gov/nih-image). For whole ovarian analysis, five representative sections from each ovary were assessed from three separate animals per treatment group. For follicular analysis, two to three follicles of each type from the five representative ovarian sections were assessed from three separate animals per treatment group. Digital images were converted to eight-bit grayscale images and then converted to pseudocolored images. Colors were based on relative stain intensity, as defined digitally. Areas with no staining appeared black and blue, while areas with the most intense staining appeared deep yellow to orange. The pAKT and PTEN labeling index was defined as the percentage of positively stained area per whole ovary, primordial follicles, and primary follicles. The pixels of positively stained areas were divided by the total amount of pixels in the whole ovary, primordial follicles, and primary follicles, and that value was multiplied by 100.
Statistical Analysis
All data were analyzed using SPSS statistical software (SPSS, Inc., Chicago, IL). Data were expressed as means 6 SEM. Multiple comparisons between normally distributed experimental groups were made using one-way analysis of variance (ANOVA) followed by Tukey post hoc comparison. Multiple comparisons between nonnormally distributed experimental groups were made using Mann-Whitney and Kruskal Wallis tests when appropriate. Statistical significance was assigned at P 0.05
RESULTS
Effect of DEHP Exposure on Body and Organ Weights
To observe if DEHP is overtly toxic to the body and/or specific organs, we recorded body and organ weight changes in response to DEHP treatment. Importantly, DEHP exposure for DEHP ACCELERATES EARLY FOLLICULOGENESIS no statistically significant effect on percent body weight change when compared to the vehicle control group (Table  2) . However, DEHP exposure for 10 days significantly increased the whole and relative weight of the liver at the 750-mg/kg/day dose when compared to the vehicle control group (n ¼ 8/group, P 0.05). Additionally, DEHP exposure for 10 days significantly increased the whole and relative weight of the spleen at the 200-lg/kg/day and 20-mg/kg/day doses, respectively, when compared to the vehicle control group (n ¼ 8/group, P 0.05). In the 30-day dosing study, DEHP significantly increased the whole and relative weight of the uterus at the 20-lg/kg/day dose when compared to the vehicle control group (n ¼ 8/group, P 0.05). Again, these changes in organ weights had no effect on body weight change and mortality. Thus, the doses chosen for these studies were not overtly toxic to the body.
Effect of DEHP Exposure on Estrous Cyclicity
DEHP exposure at high doses (2 g/kg/day) in adult rats previously has been shown to prolong estrous cycles, and DEHP-treated antral follicles exhibit inhibition of estradiol production in vitro [15, 19] ; thus, we decided to investigate if DEHP treatment altered estrous cyclicity in our dosing studies. In the 10-day dosing study, DEHP exposure significantly increased the percentage of days the mice were in estrus at the 20-lg/kg/day and the 20-, 200-, and 750-mg/kg/day doses when compared to the vehicle control group (Fig. 1A , n ¼ 8/ group, P 0.05). Similarly, DEHP exposure for 30 days significantly increased the percentage of days the mice were in estrus at the 200-mg/kg/day dose when compared to the vehicle control group (Fig. 1B , n ¼ 8/group, P 0.05). In both studies, DEHP exposure had no effect on the percentage of days the mice were in metestrus and diestrus when compared to the vehicle control group (Fig. 1, A and B) .
Effect of DEHP Exposure on Folliculogenesis
Because the ovary is a potential target of DEHP toxicity and ovarian folliculogenesis is essential for fertility and the maintenance of appropriately timed reproductive senescence, we histologically evaluated the effects of DEHP on follicular dynamics. In the 10-day dosing study, DEHP exposure significantly decreased the percentage of primordial follicles counted at the 20-and 200-mg/kg/day doses when compared to the vehicle control group (Fig. 2A, n ¼ 3-4 /group, P 0.05).
Likewise, DEHP exposure significantly increased the percentage of primary follicles counted at all selected doses of DEHP when compared to the vehicle control group (n ¼ 3-4/group, P 0.05). In accordance, DEHP exposure for 30 days significantly increased the percentage of primary follicles counted at the 200-lg/kg/day and 20-mg/kg/day doses when compared to the vehicle control group (Fig. 2B , n ¼ 8/group, P 0.05). These data suggest that DEHP exposure may affect early folliculogenesis in that it may accelerate primordial follicle recruitment to the primary stage of development. 
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Effect of DEHP Exposure on the mRNA Levels of Factors Within the PI3K Signaling Pathway
Early folliculogenesis, specifically primordial follicle recruitment, relies on paracrine and autocrine regulation by intrinsic ovarian growth factors, and recent work has established the PI3K signaling pathway as an integral regulator of this process [26] [27] [28] [29] [30] [31] [32] [33] . Thus, we measured the ovarian mRNA levels of several PI3K signaling factors that are associated with primordial follicle recruitment. In the 10-day dosing study, DEHP exposure significantly increased the mRNA levels of Mtorc1, a stimulator of the PI3K signaling pathway, at the 20-and 200-lg/kg/day doses and at the 200-and 750-mg/kg/day doses when compared to the vehicle control group (Fig. 3A , n ¼ 4-5/group, P 0.05). Additionally, 10-day exposure to DEHP significantly increased the mRNA levels of Pdpk1, another stimulatory PI3K signaling factor, at the 200-and 750-mg/kg/day doses when compared to the vehicle control group (Fig. 3B , n ¼ 4-5/group, P 0.05). In the same study, DEHP exposure significantly decreased the mRNA levels of Pten, an inhibitory PI3K signaling factor, at the 200-lg/kg/day and 20-mg/kg/day doses when compared to the vehicle control group (Fig. 3C , n ¼ 4-5/group, P 0.05). However, 10-day exposure to DEHP had no effect on the mRNA levels of Kit, Rps6, Tsc1, or Foxl2 when compared to the vehicle control group.
In the 30-day dosing study, DEHP exposure significantly increased the mRNA levels of Kit, a stimulatory PI3K signaling factor, at the 20-lg/kg/day dose but decreased its expression at the 200-mg/kg/day dose when compared to the vehicle control group (Fig. 4A , n ¼ 3-4/group, P 0.05). Similar to the 10-day dosing study, DEHP exposure for 30 days significantly decreased the mRNA levels of Pten at the 20-and 200-mg/kg/day doses when compared to the vehicle control group (Fig. 4B , n ¼ 3-4/group, P 0.05). DEHP exposure for 30 days also significantly decreased the mRNA levels of Rps6, a stimulatory PI3K signaling factor, at the 200-mg/kg/day dose when compared to the vehicle control group (Fig. 4C , n ¼ 3-4/group, P 0.05). Additionally, DEHP exposure significantly decreased the mRNA levels of Tsc1, another inhibitory PI3K signaling factor, at the 200-mg/kg/day dose when compared to the vehicle control group (Fig. 4D , n ¼ 3-4/group, P 0.05). Interestingly, DEHP exposure for 30 days altered factors outside of the PI3K signaling pathway that are also associated with primordial follicle recruitment. Specifically, DEHP significantly decreased the mRNA levels of Foxl2, an inhibitor of recruitment, at the 20-mg/kg/day dose when compared to the vehicle control group (vehicle: 1.1 6 0.3; 20 mg/kg/day: 0.5 6 0.1; n ¼ 4/group, P 0.05). However, DEHP exposure for 30 days had no effect on the 
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mRNA levels of Pdpk1 and Mtorc1 when compared to the vehicle control group.
Effect of DEHP Exposure on Protein Levels of PI3K Signaling Factors
DEHP exposure in the 10-and 30-day dosing studies selectively altered the mRNA levels of PI3K signaling factors that are associated with early folliculogenesis; however, some doses that exhibited phenotypic changes in folliculogenesis had unaltered mRNA expression. Additionally, certain factors within the PI3K signaling pathway are translationally and posttranslationally regulated; thus, the mRNA levels may not be indicative of the ovarian phenotypic changes observed in our dosing studies. Therefore, we measured protein levels of two key PI3K signaling factors that regulate primordial follicle recruitment in the 10-day dosing study. Representative images of pAKT, a stimulatory PI3K signaling factor involved in the promotion of primordial follicle recruitment, and PTEN, an inhibitory PI3K signaling factor involved in maintaining primordial follicle quiescence, staining in the ovary are found in Figure 5 . Qualitatively, it appears that DEHP exposure increased the staining of pAKT (Fig. 5, A-D) and decreased the staining of PTEN (Fig. 5, I -L) in the whole ovary and in immature follicle types (Fig. 5, E-H) . When quantified, DEHP exposure significantly increased pAKT and significantly decreased PTEN staining in the whole ovary at all selected doses of DEHP when compared to the vehicle control group (Fig. 6, A and B, n ¼ 3/group, P 0.05). To confirm that these effects were evident in the follicles of interest, we measured protein staining within the primordial and primary follicles themselves. DEHP exposure significantly increased pAKT staining in primordial follicles at all selected doses of DEHP and in primary follicles at the 20-and 200-lg/kg/day doses and the 20-mg/kg/day dose when compared to the vehicle control group (Fig. 6 , C and D, n ¼ 3/group, P 0.05).
DISCUSSION
We have shown that 10-and 30-day oral exposure to DEHP disrupts normal reproductive and ovarian function. Specifically, we provide evidence that relatively low levels of DEHP, including a dose within the estimated range of daily human exposure, alter estrous cyclicity and accelerate primordial follicle recruitment. Further, we are the first, to our knowledge, to provide mechanistic evidence by which adult exposure to DEHP accelerates early folliculogenesis. Our data show that DEHP exposure may interfere with normal PI3K signaling by altering the expression of key genes and/or the levels of key proteins.
An important note is that the selected doses of DEHP had no effect on mortality and very minor effects on organ weights. Thus, the adverse reproductive outcomes in response to DEHP exposure are most likely not due to overt toxicity. Additionally, the doses used in these studies are more environmentally relevant than doses used in several previous studies found within the literature [15, 17, 34] . Therefore, these findings provide some insight into the effects of DEHP on ovarian function at human exposure levels, though we acknowledge that investigating the effects at even lower levels would be beneficial.
Our data provide evidence that relatively low levels of DEHP disrupt estrous cyclicity, which may cause complications in reproductive function. DEHP exposure for 10 days increased the percentage of days that the mice were in estrus at the 20-lg/kg/day and the 20-, 200-, and 750-mg/kg/day doses when compared to the vehicle control group. Likewise, but to a lesser degree, DEHP exposure for 30 days increased the percentage of days the mice were estrus at the 200-mg/kg/day dose when compared to the vehicle control group. These results correlate to previous reports suggesting that higher doses of DEHP (2 g/kg/day) disrupt estrous cyclicity, but also expand on those findings in that the lower levels of DEHP used in this study also exhibit effects on estrous cyclicity [15] . Interestingly, the effects of DEHP on estrous cyclicity exhibit a nonmonotonic dose response and appear to be greater following 10 days of exposure than what is observed following 30 days of exposure. A nonmonotonic dose response is typical among common endocrine-disrupting chemicals, suggesting that different effects and mechanisms may exist at different doses. Further, we hypothesize that the ovary and/or the hypothalamus-pituitary-ovarian axis is able to compensate for the toxicity of DEHP between Days 10 and 30. Additionally, it is possible that the biotransformation of DEHP is altered following a longer period of dosing so that altered metabolism of the chemical helps protect the ovary from toxicity, but further work investigating this matter would need to be conducted to verify this statement.
Although DEHP has been shown to disrupt reproductive function in males and, to lesser extent, in females, the effect of DEHP on ovarian folliculogenesis, especially in the adult, is relatively unknown. For normal fertility and the appropriate timing of reproductive senescence, primordial follicles must undergo a strict and coordinated process known as primordial follicle recruitment. Under normal conditions, the primordial follicle is essentially destined for three fates: to survive in dormancy for varying lengths of time throughout reproductive FIG. 5. Representative images of immunohistochemistry and pseudocolored protein quantification. Panels A-H exhibit pAKT staining in the whole ovary (A-D) and in selected primordial and primary follicles (E-H). Panels I-L exhibit PTEN staining in the whole ovary. Panels A, B, E, F, I, and J were from vehicle control treated ovaries and follicles. Panels C, D, G, H, K, and L were from 20-lg/kg/day DEHP-treated ovaries and follicles. Black arrowheads represent positive staining in the immunohistochemistry images, which translate to the yellow/orange pseudocolored pixels represented by red arrowheads. Scale bars are set as 500 lm for whole ovary images (A-D and I-L) and 100 lm for follicle images (E-H) and the same scale bars should be used across each row.
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life, to be recruited into the growing population of follicles, or to undergo death in the dormant state [50] [51] [52] . Our data show that 10-and 30-day exposure to DEHP accelerates this essential stage of early folliculogenesis. Specifically, 10-day exposure to DEHP decreased the percentage of primordial follicles counted at the 20-and 200-mg/kg/day doses and increased the percentage of primary follicles counted at all selected doses (20 lg/kg/day-750 mg/kg/day) when compared to the vehicle control group. A similar effect is observed following a longer period of dosing where 30-day exposure to DEHP increased the percentage of primary follicles counted at the 200-lg/kg/day and 20-mg/kg/day doses when compared to the vehicle control group. Thus, DEHP exposure at these two time points accelerates primordial follicle recruitment to the primary stage of development in the adult murine model. These results are consistent with those from other studies using different methods. Specifically, DEHP in vitro and in vivo alters early folliculogenesis and primordial follicle assembly in mice; however, the exposure periods were limited to the neonate [53, 54] . Additionally, in utero exposure to high levels of MEHP, the metabolite of DEHP, accelerates early folliculogenesis in the F1 generation of mice [55] . Our data add to these existing studies by showing that adult exposure to relatively low levels of DEHP accelerates early folliculogenesis in the mouse.
Interestingly, in our study, the effects on early folliculogenesis appear to be more profound following 10 days of exposure than what is observed following 30 days of exposure.
We attribute this observation to the ovary being able to compensate for the toxicity of DEHP between Days 10 and 30 by potentially altering the biotransformation of DEHP. Although the defects in follicle numbers appear to be undergoing compensation, it is possible that the oocytes in follicles that undergo accelerated folliculogenesis may not be of fertilizable quality. In fact, previous work has determined that accelerated early folliculogenesis results in poor-quality oocytes and compromised fertility [56] . Further, it is possible that our follicle count data represent a single snapshot following 10 and 30 days of DEHP exposure and that changes in follicle numbers may be observed at later time points. Additionally, it is possible that the excess primary follicles may undergo atresia, which may be why we do not see changes in the later stages of folliculogenesis. In accordance with the estrous cyclicity results, we also observe a nonmonotonic dose response for the effects of DEHP on early folliculogenesis. Future studies should examine the mechanisms underlying compensation and the nonmonotonic dose response. Further, these studies should determine if accelerated primordial follicle recruitment has long-term implications for fertility.
Primordial follicle recruitment is a gonadotropin-independent process that relies on paracrine and autocrine regulation by intrinsic ovarian growth factors [26, 27] . These factors either suppress activation and thus maintain primordial follicle dormancy or activate primordial follicles and thus promote recruitment. A balance exists between these inhibitory and stimulatory factors to maintain primordial follicle survival so FIG. 6 . Effect of DEHP exposure on protein levels of PI3K signaling factors associated with early folliculogenesis. Adult CD-1 mice were orally dosed with vehicle (tocopherol-stripped corn oil) or DEHP (20 lg/kg/day-750 mg/kg/day) daily for 10 days. Following dosing, ovaries were subjected to immunohistochemistry for quantification of pAKT (A, C, and D) and PTEN (B) staining. Digital images were converted to eight-bit grayscale images and then converted to pseudocolored images. Colors were based on relative stain intensity. Percentage of positively stained pixels in the whole ovary (A and B) and in follicles (C and D) were calculated and compared in each treatment group. Graph represents means 6 SEM (n ¼ 3/group). Asterisks (*) represent significant difference from vehicle control (P 0.05).
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that downregulation of inhibitory factors and/or overactivation of stimulatory factors favor an environment conducive for primordial follicle recruitment [43] . Although the exact mechanism by which follicles are recruited to the growing pool is unknown, recent work has established the existence of several key intrinsic ovarian factors that belong to multiple signaling pathways [41, 42, 50, 57] . Interestingly, several of these factors are involved in the PI3K signaling pathway, indicating this pathway as a critical regulator of primordial follicle survival, quiescence, and recruitment to the primary stage of development [28] [29] [30] [31] [32] [33] .
The PI3K signaling pathway is involved in cell proliferation, survival, migration, metabolism, and, most recently, early ovarian folliculogenesis [43, 45, 46] . Components of this signaling pathway that are also associated with primordial follicle recruitment and have been tested in these studies include PDPK1, mTORC1, KIT, pAKT, and rpS6, all of which are factors that drive PI3K signaling. Additional components of this pathway that are associated with primordial follicle recruitment and have been tested in these studies include FOXO3A, PTEN, and TSC1, which negatively regulate PI3K signaling. Conditional deletion of Foxo3a, Pten, and Tsc1 from mouse oocytes results in global activation of all primordial follicles, leading to premature ovarian failure [31, 44, [58] [59] [60] [61] . Thus, these inhibitors of PI3K signaling maintain primordial follicle dormancy. Acceleration of primordial follicle recruitment occurs because of overactivation of the PI3K signaling pathway brought about by the unrestricted regulation of stimulatory PI3K factors, such as pAKT, mTORC1, and PDPK1 [44, 59, 62, 63] . Therefore, proper regulation of PI3K signaling is needed for appropriate primordial follicle survival, quiescence, and recruitment, and dysregulation of this pathway may lead to the acceleration of primordial follicle recruitment and ultimately premature ovarian failure and infertility.
Our data provide evidence that 10-and 30-day DEHP exposure dysregulates the ovarian mRNA and protein levels of key PI3K signaling factors that are associated with primordial follicle recruitment. These findings are critical because PI3K signaling is an integral regulator of primordial follicle recruitment and because they provide mechanistic evidence by which DEHP disrupts folliculogenesis in an adult model. Specifically, in the 10-day dosing study, DEHP selectively increased the mRNA levels of the stimulatory PI3K signaling factors Mtorc1 and Pdpk1 at doses that correspond to the acceleration of early folliculogenesis when compared to the vehicle control group. Additionally, DEHP exposure for 10 days selectively decreased the mRNA levels of the inhibitory PI3K signaling factor Pten at doses that correspond to the acceleration of early folliculogenesis when compared to the vehicle control group. Importantly, DEHP exposure for 30 days also decreased the mRNA levels of Pten at a dose that corresponds to the acceleration of early folliculogenesis when compared to the vehicle control group. Interestingly, DEHP exposure for 30 days also selectively altered the mRNA levels of stimulatory Kit and Rps6 and inhibitory Tsc1 PI3K signaling factors, but DEHP did so at doses in which early folliculogenesis was unaffected. Further, DEHP exposure altered the mRNA levels of factors outside the PI3K signaling pathway that also are involved in primordial follicle recruitment. In the 30-day dosing study, DEHP exposure decreased the mRNA levels of Foxl2 when compared to the vehicle control group. Thus, although we provide evidence that DEHP disrupts folliculogenesis by dysregulating the PI3K signaling pathway, the additive effects of other factors/signaling pathways in contribution to PI3K signaling cannot be discounted and should be examined in future studies.
Based on the selective ability of DEHP to aberrantly alter the mRNA levels of PI3K signaling factors that are associated with early folliculogenesis and that several PI3K signaling factors are translationally and posttranslationally regulated, we decided to expand on the gene expression findings by measuring protein levels of pAKT and PTEN. These proteins were chosen because they serve as integral regulators of PI3K signaling and are associated with primordial follicle recruitment. Specifically, the phosphatase PTEN negatively regulates the PI3K-induced activation of the secondary messenger AKT; thus, PTEN lies upstream of AKT [45, 46] . Further, the loss of Pten in oocytes leads to global acceleration of all primordial follicles in the ovary via increased AKT-regulated PI3K signaling [44] . In the 10-day dosing study, DEHP exposure increased the staining of pAKT and decreased the staining of PTEN in the whole ovary at all selected doses of DEHP when compared to the vehicle control group. In confirmation that these effects were evident in the follicles of interest, DEHP exposure increased pAKT staining in primordial follicles at all selected doses of DEHP and in primary follicles at the 20-and 200-lg/kg/day doses and the 20-mg/kg/day dose when compared to the vehicle control group. Thus, the mRNA and protein data provide evidence that DEHP may first downregulate PTEN leading to the overactivation of the PI3K/pAKT signaling cascade. Similar effects of DEHP-induced dysregulation of PI3K signaling have been noted in other tissues [64] [65] [66] . Our data expand on these previous findings by showing DEHP-induced PI3K dysregulation in the ovary. Additionally, our data are consistent with our follicle count data in that increased pAKT and decreased PTEN would favor an environment conducive for primordial follicle recruitment. Furthermore, these data are fairly consistent with the mRNA data; however, not all of the gene expression changes correlate with the phenotypic changes in folliculogenesis. Additionally, the effects of DEHP exposure on gene expression exhibit a nonmonotonic dose response. Thus, the protein data are more definitive than the mRNA data in that all doses that cause the acceleration of primordial follicle recruitment contain significant protein data.
Collectively, these data provide evidence that relatively low levels of DEHP alter estrous cyclicity and accelerate primordial follicle recruitment, which potentially can interfere with normal reproductive function and appropriate timing of reproductive senescence. Further, our data show that the DEHP-induced defects in early folliculogenesis may be mediated by dysregulation of the PI3K signaling pathway. This study is novel because we provide mechanistic evidence by which a ubiquitous endocrine-disrupting chemical disrupts folliculogenesis, an essential ovarian process necessary for normal reproductive and nonreproductive health. However, further work is needed to completely elucidate the mechanism of DEHP-induced acceleration of primordial follicle recruitment. Additionally, although early folliculogenesis is aberrantly regulated in our dosing windows, it is of great interest to investigate if the primordial follicle pool is depleted at an accelerated rate in response to DEHP exposure over an extended period of time or if DEHP exposure compromises oocyte quality in accelerated follicles, thus leading to the potential of premature ovarian failure and infertility.
